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ABSTRACT 
The purpose of this research was to study the various 
aspects of root, shoot and reproductive growth of the 
cultivated highbush blueberry under normal conditions and as 
influenced by seasonal root zone flooding. 
These studies were conducted on three cultivars-
' Earliblue', 'Bluecrop', and 'Lateblue' for up to three 
years. Root, shoot, and reproductive growth were measured 
at intervals throughout the years and the soil temperature 
and stage of plant development recorded. 
Growth of white unsuberized roots peaked in early-June 
and September when soil temperatures were in the range of 
14 to 18°c and was concomitant with shoot growth. 
Some plants survived more than 26 months of continuous 
flooding, but growth was decreased after approximately four 
months. April submerged plants had the greatest percentage 
of death followed by the August and December flooded plants. 
Vegetative and reproductive growth were greatly reduced with 
flooding. Anthesis was delayed by almost one week and 
fruit abscision was increased in flooded plants. 
There was an increase in size of epidermal cells of 
roots from flooded plants. The mid-cortical cells of sterns 
and spongy rnesophyll complex of leaves f rorn flooded plants 
had an increase in intercellular spaces. Flower buds f rorn 
flooded plants were smaller in size and flower formation 
appeared delayed. 
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PREFACE 
This dissertation follows the manuscript format as ap-
proved by the Graduate School of the University of Rhode 
Island with modifications in style as required for pub-
lica t i on in the specific scientific journals listed. 
Four manuscripts are included: 
(1) Seasonal changes in the length of white unsuberized 
roots of the highbush blueberry under sawdust mulch (to be 
submitted to the Journal of the American Society for 
Horticultural Science); 
(2) Vegetative growth survival of the highbush blueberry in 
response to flooding (to be submitted to the Journal of the 
American Society for Horticultural Science); 
(3) Reproductive growth response of the highbush blueberry 
to flooding (to be submitted to HortScience); 
(4) Anatomical response of the highbush blueberry to 
flooding (to be submitted to the Journal of the American 
Society for Horticultural Science). 
In addition, four appendices are included: 
(1) Concluding remarks on the overall significance of the 
dissertation to an understanding of the growth and 
development of the highbush blueberry; 
(2) Results ancillary to Manuscript I.; 
(3) Results ancillary to Manuscript II.; 
(4) Results ancillary to Manuscript III.; 
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SEASONAL CHANGES IN THE LENGTH OF WHITE 
UNSUBERIZED ROOTS OF THE HIGHBUSH BLUEBERRY 
UNDER SAWDUST MULCH 
MANUSCRIPT I 
1 
2 
ABSTRACT 
Annual growth of white unsuberized roots from rrature 
'Earliblue', 'Bluecrop', and 'I.ateblue' blueberry plants 
relative to soil terrperatures, shoot growth, and stage of 
development was studied for three years. The growth of 
white unsuberized roots continued throughout the year, 
but was much reduced at soil temperatures below 
approxirrately a0c. 'I\.lo peaks in the growth of white un-
suberized roots occurred, the first in early June and the 
second, higher peak in Septerrber. Both peaks in root 
growth occurred with soil terrperatures of 14 to 18°c. The 
growth rate declined at soil terrperatures outside this 
range . Growth of white unsuberized roots was concomitant 
with shoot growth. 
3 
Little is known about the growth of roots in comparison 
to the growth of roots in comparison to the growth of the 
aerial parts of the plant (3). Root growth in general has 
been studied in a number of fruit-bearing species (1,2,6,20) 
and factors such as temperature, season, and shoot growth 
were found to greatly influence growth of roots. Several 
researchers (1,2,11,24) reported that a maximum rate of root 
growth in temperate zone woody plants occurs in the spring 
(May-June) and again in early autumn (September). Though 
root growth continued thr oughout the whole year (2,6,9,24), 
minimum growth was found to occur in soil temperatures below 
7-lo 0 c and above 21°c (5, 6, 9,20). Optimum temperature 
for roo t growth is 15.5-18°c for many fruit-bearing plant 
(20,24). A positive correlation between root and shoot 
growth for some species (1,2,11) has been reported, although 
optimum temperature differs for each function (5,19, 24,27). 
Much of the work characterizing root growth has been 
conducted on tree fruits (6,12,20,24). Except for a few 
studies, relatively little research has been done on root 
growth of bush fruits, especially the cultivated highbush 
blueberry (1,2,4,8). Gough (8) reported that the highbush 
blueberry root system was shallow, fibrous, and restricted 
to the area within the drip line to a depth of 12-25 cm. 
The purpose of this study was to characterize the 
growth of the unsuberized portion of the root system of the 
4 
mature highbush blueberry plant, and how it may be 
influenced by soil temperature, shoot growth, and stage of 
plant development. 
Materials and Methods 
Three mature plants each of 'Earliblue', 'Bluecrop', 
and 'Lateblue' were grown on a Narragansett silt loam soil 
at a pH 4.8. Plants were spaced 1.8 x 3.0 m and the entire 
area between and within rows was maintained under 
approximately 10-15 cm of sawdust mulch. The plants were 
not irrigated and each plant received an annual application 
of 1 kg of a SN : 4.3P : 8.3K : 0.2 Mg fertilizer. The 
plants were pruned in February of each year according to 
standard practices (7). Twenty-five dormant buds from each 
plant were selected randomly after pruning and each was 
tagged to monitor shoot growth on a 7-14 day basis 
throughout the growing season. 
Root growth was inspected visually every 7-14 days 
throughout the year by carefully clearing away the sawdust 
mulch within the drip line to a depth of approximately 10-15 
cm, the depth at which the mulch meets the soil surface. 
Roots growing within the soil were not measured. The 
length of the new growth as indicated by white root tip 
tissue was measured to the nearest 0.5 mm using a mm ruler. 
Measurements were taken on 25 intact roots from each bush 
from March to December. The mulch was carefully replaced 
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after root measurements were made. Root growth during 
January and February was inadequate to measure accurately. 
Soil/mulch interface temperatures were recorded daily 
at a depth of approximately 15 cm from the surface of the 
mulch. The mean date for each stage of development in the 
growth of the plants was recorded, including times of bud 
swell, bloom, and flower bud formation. The mean date for 
fruit set, stages of fruit ripening, and harvest were also 
recorded. Fruit were visually separated into stages of 
ripening. The immature green stage was determined when the 
largest berries had a dark green color over 100% of their 
surface. Blue-pink fruit were 75% blue and 25% pink and 
blue fruit were 90% blue and 10% pink. Data were collected 
for a period of 3 years beginning in 1982. Results were 
analyzed by an analysis of variance with plan t s within 
cultivars as replicates. 
Results and Discussion 
With slight differences, seasonal trends in root growth 
relative to soil temperature, shoot growth, and stage of 
development of the plant, remained consistent among 
cultivars and years. Therefore, the data presented here 
are a composite of 3 years' results. 
From January to March the presence of white root-tips 
was observed, but extension growth was inadequate to measure 
accurately. Similar results were reported by researchers 
6 
for other crops (2,6,9,24). The limited growth of white 
root-tips at this time may be due to a very slow metabolic 
rate caused by colder temperatures which would reduce the 
rate of suberization, cell division, and extension growth in 
the root (6). A second explanation may be that the entire 
root growth ceased along with suberization before the latter 
engulfed the root-tip (20,24). Rogers (24) states that the 
rate of suberization in apple roots is about 1/4 as great in 
cold weather as it is in warm weather. The soil 
temperature in our study from January to March was below a0 
C, a temperature which many researchers feel approximates a 
threshold temperature for root growth (6,20,24). Bhar et 
al., (6) found the growth rate of plum roots increased in 
April when the soil temperature at a 10 cm depth had risen 
to 9°c. Rogers (24) noted little root growth throughout 
the winter with active root growth beg i nning when the soil 
temperature rose above 7°c. In general, at a 15 cm depth, 
a silt loam soil with a sawdust mulch warms to the threshold 
temperature in March and April and cools to it again in 
November and December in RI. When the threshold 
temperature was reached in the early-spring, the growth rate 
of white unsuberized roots increased (Fig. 1). Leaf bud 
swell occurred after this initial increase in rate of root 
growth (Fig. 2) and, as root growth approached its first 
peak in June, there was a concomitant rise and peak in shoot 
7 
growth (Fig. 3). This peak occurred approximately 2 wee ks 
after the peak in root growth. Roge rs (23,24), working 
with s e veral bush and tree fruits, found an initial increase 
in the rate of root growth several weeks before the shoots 
began their growth. Also, the rate of growth of the roots 
peaked prior to that of the shoots. Kinman (15) and Bhar 
et al., (6) , working with stone fruit trees, found a similar 
increase in root growth prior to initial shoot growth. 
Kinman (15) suggested tha t root growth was needed for 
nutrient uptake before leaf and fruit development could 
occur. Researchers have also shown that root-produced 
hormones, particularly cyt okinins and gibberellins, may 
promote bud activity in the spring and catalyze shoot growth 
(18,26,27). Mullins (18) successfully substituted 
synthetic cytokinins for endogenous cytokinins found in the 
roots to stimulate flower bud break on grape cuttings (Vitis 
vinifera L.). Skene (27) found that root exudate of grape 
vines also contained gibberellin-like compounds which have 
been implicated in the stimulation of shoot elongation. 
A number of researchers have noted an antagonistic 
relationship between root and shoot growth (3,12,13). 
However, other researchers have shown that root and shoot 
growth are positively correlated (1,2,11). Luckwill (16) 
and Raper et al., (22), have developed models that show that 
the growth of plants is based not on the ratio of 
8 
roots:shoots, but on the ratio of N uptake:carbohydrate 
synthesis. Hatton and Amos (10) and Heinicke (14) provided 
further evidence to suggest that root growth in young apple 
trees was greatly reduced by early defoliation. Similarly, 
Hatton and Amos (10) working with young apple trees, 
demonstrated that root growth was much reduced by summer 
removal of lateral shoots. 
The peak in the growth rate of white unsuberized roots 
in blueberry in early-June at the time of bloom and fruit 
set (Fig. 2) occurred when soil temperatures were 14-18°c 
(Fig. 1). The length of white unsuberized roots declined 
at temperatures outside this range. This temperature 
range, which our data suggests is optimum for growth of 
white unsuberized roots in blueberry, also has been noted to 
be optimum for growth in other fruit species as well 
(20,24). Nightingale (20), studying root growth of apples 
and peaches in the laboratory and Rogers (24) working with 
apples in the field, found that active root growth begins at 
soil temperatures above 7°c and is optimum at 14-20°c. 
The decline in the length of white unsuberized roots and 
rate of shoot growth during late-June to early-August also 
occurred at the time of completion of fruit set and onset of 
fruit maturation (Fig. 2). The decline continued throughout 
much of fruit harvest. This relationship between production 
of fruit and reduced root and shoot growth has been 
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documented previously for other fruit crops (13,17,24). The 
fruit provides a highly competitive sink for carbohydrates 
and minerals that, once removed, allows for increased growth 
of the roo ts and shoots (25). Weller (28) reported that 
during the of f -year of biennially bearing apple trees, a 
greater number of roots are formed compared to that produced 
in an on-year. 
The latter part of the harvest season corresponded with 
the initiation and development of flower buds and occurred at 
about the time of the second rise in the growth rate of white 
unsuberized roots and shoot growth (Figs. 2 and 3). The 
peak in shoot growth was slightly prior to the peak in root 
growth. These peaks corresponded with soil temperatures 
declining to the optimum range of 14-18° c (Fig. 1), the 
same temperature range at which the rate of root growth 
peaked in early-June. Subsequently, as temperatures 
decreased, the roots and shoots exhibited a similar decline 
in growth. Shoot growth ceased in late-October while the 
growth of white unsuberized roots continued at a minimum rate 
throughout the remainder of the year, as in other studies 
(2,6,9). 
Results of this study indicate that in mulched, mature 
highbush blueberry plants the rate of white unsuberized root 
growth is interrelated with at least 3 factors: soil 
temperature, shoot growth, and stage of plant development. 
10 
Growth of white unsuberized roots appears limited by soil 
temperatures outside the range of 14 to 18°c. Root and 
shoot growth in blueberries are not antagonistic and follow 
the same general patterns, with reduced growth during fruit 
maturation and harvest. 
11 
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Figure 1. 
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Elongation of white u nsuberized roots of highbush 
blueberry in relation to soil temperature. 
Vertical lines represent SE. SE < 1 are not 
plotted. 
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Relationship between mean length of white 
unsuberized roots and stage in development of 
highbush blueberry plants. 
~ indicates beginning and ending of stage, 
mmamm indicates peak period of stage. 
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Relationship between the length of white 
unsuberized roots and shoot growth of highbush 
blueberry plants. Vertical lines represent SE. 
SE < 1 are not plotted. 
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VEGETATIVE GROWTH AND SURVIVAL OF THE HIGHBUSH 
BLUEBERRY IN RESPONSE TO FLOODING 
MANUSCRIPT II 
20 
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ABSTRACT 
Two-year-old highbush blueberry plants (Vaccinium 
coryrnbosum L. cv. Bluecrop) grown in containers were flooded 
outdoors beginning in December, April and August to determine 
the effects of flooding on vegetat ive growth and survival. 
Some plants survived more than 26 months of continuous 
flooding, but vegetative growth was decreased after approx-
imately 4 months of continuous flooding. Plants that were 
continuously flooded for 4 months and subsequently placed in 
the field partially recovered. The greatest percentage of 
plants died when flooding began in April and t he lowest 
percentage when flooding began in December. 
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Periodic flooding of forests and croplands is a prob lem 
throughout the world and results in huge economic losses 
(5,23,30). Of ten areas maintained for the production of 
horticultural crops are involved. For this reason, the 
effects of flooding on many horticultural crops such as 
apples, pears, and stone fruit have been studied extensively 
(1,27,31,32). 
The cultivate d blueberry is increasing in popularity 
and production (9) and researchers have begun to study the 
effects of flooding on the growth of this plant 
(12,20,24,33). In one study, rabbiteye (Vaccinium ashei 
Reade), plants survived, but were severely damaged, after 
49-58 days of continuous flooding (11). This species is 
considered more tolerant to flooding and reduced oxygen 
levles than highbush blueberry (Vaccinium corymbosumL.) 
(11,24). Herath and Eaton (20) flooded 1-year-old 
'Bluecrop' plants in containers to within 3 inches of the 
soil surface and noted a decrease in nutrient uptake and 
plant growth. An important effect of flooding is 
displacement of oxygen from the soil pores, resulting in 
oxygen deficiencies and reduced growth (24,28). Even 
though wild, highbush blueberries are found growing on 
hummocks in swamps, flooded areas are not recommended for 
plantations (17,22). This species has a shallow, fibrous 
root system (7,15) and grows best in moist, well-aerated 
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soils (10,17). Howe ver, t h i s t yp e of r oot system may aid 
the plant in its abil ity to survive flooding (15), a 
phenomenon which also has been noted in other species (14), 
since higher o21evels, necessary for root growth, frequent l y 
occur close to the soil surface in poorly aerated soils (8). 
Although vegetative growth, including growth of the 
root, has been studied quite extensively in the highbush 
blueberry (13,15,16), little is known of the effects o f 
prolonged flooding on the growth and survival of this 
species. Poorly aerated soils exist in many blueberry 
plantations in the northeastern U.S. because of period i c 
flooding. Growers there are concerned about the effects of 
this condition on the growth of their plants. Therefore, 
the purpose of this study was to examine the effects of 
seasonal root zone f looding on vegetative growth, 
development, and survivability of the cultivated highbush 
blueberry. 
Materials and Methods 
This study was conducted using 2-year-old 'Bluecrop' 
highbush blueberry plants and rooted cuttings of 'Darrow', 
'Bluecrop', 'Coville', and 'Bluet ta'. The plants were 
grown in equal volumes of peat : perlite : sand mixture in 
7.6 liter plastic containers (2-year-old plants) and 0.5 
liter plastic pots (rooted cuttings). 
Three, 95 liter, water-filled tubs were sunk into the 
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ground. On 1 December 1983, 16 2-year-old 'Bluecrop' 
plants and 16 rooted cuttings were submerged into the tubs. 
The water level was maintained 2.5-5.0 cm above the media 
level in the containers. Twelve 2-year-old 'Bluecrop' 
plants were sunken into the ground to the depth of their 
containers for controls. After flooding for 4 months, 6 
plants were removed from the tubs: the root systems of 3 
plants were washed and observed and 3 were sunk into the 
field with control plants. The remaining plants were 
maintained under continuous flooding. 
A similar, but largely expanded test was conducted in 
April, August, and December 1984 and in April and August 
1985. Flooded plants, including 72, 2-year-old plants and 
36 rooted cuttings, were submerged in a black 
polyethylene-lined, water-filled pit in the field with the 
water level maintained 2.5-5.0 cm above the media level in 
the containers. Following continuous flooding for 4 months 
in the August and December treatments, 48 plants were 
removed from the pit, 24 were used for immediate 
observations and 24 were sunk into the field with the 
control plants. In the April treatments, several plants 
died within the first 4 months of treatment, therefore, 
sample sizes were less than those in the August and December 
treatments. In the April 1984 treatment, of the 21 plants 
remaining after the initial 4 months, 13 plants were removed 
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from the p it, 5 were used for immediate observations and 8 
were sunk into the f i eld with c ontrol plants. In the April 
1985 treatment, of the 26 plants remaining after the initial 
4 months, 16 plants were removed from the pit, 6 were used 
for immediate observa tions and 10 were sunk into the field 
with control plants. Shoot growth was measured on 10 
shoots per bush, 10 bushes p e r treatment. Measurements 
included: shoot and internode length, and number of nodes. 
Leaf si z e , length and width of the third fully expanded leaf 
(numbered basipetally), were measured in June. Percent of 
stomata open were determined from leaves of the various 
treatments at 1000, 1200, a nd 1400 hours. To examine 
stomata, the third fully expanded le~f (numbered 
basipetally) from each of 10 shoots from 10 plants per 
treatment was used. The abaxial leaf surface was coated 
with an acrylic laquer and the leaves were removed from the 
plant. After the lacquer air dried, it was peeled from the 
leaf surface, forming a negative impression of the stomata. 
The impression was mounted in glycerin on a microscope slide 
and examined under a Wild M 20 phase contrast light 
microscope. 
Root zone temperatures in the submerged containers and 
air temperatures within the plant canopy approximately 25 cm 
above the media level in the containers were recorded daily. 
Oxidation-reduction potentials of the media were 
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measu r ed using a platinum microelectrode in conjunction with 
a saturated calomel reference electrode plugged into a Model 
Altex Phi 30 pH meter (Beckman Instruments Inc., Irvine, 
CA). The electrodes were inserted approximately 10 cm into 
the media, allowed to equilibrate for 1 minute, and a 
reading in mV was recorded. Three readings were recorded 
from each container using 10 containers per treatment. The 
readings were standardized to a pH of 6.0 at 2s 0 c. The 
adjustment was made by adding to or subtracting from the 
readings 0.059 mV for each pH unit above or below pH 6.0 
(3). 
For each of the first 6 weeks following the initiation 
of the December 1983 flooding, a 2-year-old plant a nd a 
rooted cutting were harvested and their roots were washed. 
Visual observations of root growth and health were made 
before incubating the root system in a reaction mixture 
consisting of O.OSM mono- and di-basic phosphate buffers at 
pH 7.3 and O.OSM citric acid. The reaction mixture was 
boiled and allowed to cool before use. One-tenth percent 
solution of 2,3,5 triphenyl tetrazolium chloride (TTC) was 
then added to the reaction mixture (2), and the washed root 
systems were incubated for 24 hours at 22°c in this 
solution. The respiratory indicator, TTC, stained the live 
cells providing an indication of the level of root activity. 
The staining intensity was recorded by visual determination 
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and confirmed by observations of root cell smears with a 
binocular dissecting scope. The staining intensities 
recorded include: purplish-red (controls), deep-red, 
bright-red, pink and colorless (dead) with a lighter color 
indicating a decrease in root activity. 
Following the initial 6 weeks of testing 2-year-old 
plants and 1-year-old rooted cuttings simultaneously, rooted 
cuttings only were harvested at approximately bi-weekly 
intervals throughout the rest of the study. It was found 
that the 2-year-old plants and 1-year-old rooted cut ti ngs 
responded similarly to flooding as indicated by the staining 
intensity. Cuttings were inexpensive and easier to use. 
In December 1985, a typical plant from each treatment 
was selected. The root system was washed and visual 
observations made prior to air-drying in order to determine 
relative root-dry weights. 
Data were analyzed by analysis of variance and means 
separated by Duncan's Multiple Range Test. Data recorded 
as percent was transformed using arc sine prior to analysis. 
Results and Discussion 
Vegetative growth response. Vegetative growth was greatly 
reduced due to flooding as evidenced by a decrease in shoot 
and internode length, number of nodes, and leaf size 
(Tables 1 and 2). The reduction in shoot g r owth is 
primarily a result of a decrease in internode elongation 
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rather than the number of nodes (Table 1 ). Stunting of 
shoot growth in several fruit species as a result of 
flooding has been well documented (1,11 , 19,20). After 
flooding several tree species for 1 month in the autumn, 
Andersen et al., (1) found a decrease in shoot extension the 
following spring. Plants flooded for 12 months exhibited 
an even greater difference in growth than those flooded for 
only 1 month. Davies and Wilcox (11) measured regrowth of 
rabbiteye blueberry shoots after severe pruning and noticed 
little visible damage with up to 26 days of flooding. 
However, regrowth of shoots on plants flooded beyond this 
length of time was impaired. During the summer, the number 
of shoots formed and the growth rate of the shoots decreased 
linearly in relation to the number of days the plants were 
flooded. Our data suggests that there may be a seasonal 
response in the degree to which shoot grwoth is affected by 
flooding (Tables 3 and 4). This response was greater in 
plants when flooding was initiated in April as compared to 
August and Dec ember. The seasonal effect of flooding is 
probably related to the plant's developmental stage at the 
time flooding is initiated. Heinicke (19) flooded apple 
trees at various times of the year and found that shoot 
extension was reduced only when leaves were present. Olien 
(26,27), also working with apples, found the effect of 
flooding in the spring was especially severe, and resulted 
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in a 33% reduc t ion in shoot extension. In a greenhouse 
experiment,Olien (26) showed that dormant apple seedlings 
grew normally after 8 weeks of flooding, whereas actively 
growing plants were severely stunted. Some studies 
(4,6,29) indicate that cytokinins manufactured in the roots 
are transported to the shoots. They are important in 
maintaining normal growth either by directly affecting shoot 
growth or influencing the action of other plant hormones 
that do. Burrows and Carr (6) have shown that the amount 
of cytokinins transported to the shoots is greatly reduced 
by waterlogging. The reduction is possib l y due to the 
reduction in rooting volume, decreasing the total amount of 
cytokinins produced. Railton and Reid (29) reported that 
the reduction in tomato shoot growth under flooded 
conditions was normalized by treatment with benzyladenine. 
Some researchers also found that flooding reduced leaf 
number, size, and area (1,4,20), as well as promoted early 
leaf senescence or abscission (1,4,20). Andersen et al., 
(1) mentioned that reduced leaf size and number indicate a 
decline in the absorption and transport of water by the 
flooded roots. The reduced water uptake is a result of 
xylem disfunction as a result of flooding (1). Jackson and 
Campbell (21) have shown that flo oding can reduce the water 
flow through roots. Herath and Eaton (20) using tissue 
analyses, found a decrease in leaf nutrient elements when 
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highbush blueberry plants were flooded to within 3 inches of 
the soil surface. They proposed that the lack of proper 
aeration interfered with nutrient uptake by the roots, thus 
influencing the growth of the shoots. 
In addition to a reduction in leaf size, we also found 
a change in percent of open stomata with flooding (Table 2). 
Control plants and plants flooded and then planted had a 
much greater percentage of open st 0mata than plants 
continuously flooded. Stomatal closure in response to 
flooding has been previously documented (1,11,28) and has 
been looked at as a means of determining a plant's ability 
to tolerate flooding (1,11). Andersen et al., (1) found 
that porometry may be used to determine early flood 
tolerance as long as genetic and environmental factors which 
influence stomata are considered. The increase in stomatal 
closure has been linked to a decrease in transpiration, 
stomatal conductance and carbon assimilation (1,11,12). 
Davies and Flore (12) found that in rabbiteye and highbush 
blueberries, flooding decreased stomatal conductance and 
transpiration within 4 to 5 days. Carbon assimilation 
decreased within 9 days as a result of a decrease in 
photosynthesis, stomatal conductance to co2and increased 
respiration (12). Stomatal closure may reduce short-term 
damage to flooded plants, but it can lead to a reduction in 
photosynthesis, carbon assimilation and respiration, which 
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can ultimately hav e a sign ificant effect on overall plant 
growth and sur v ival. 
The mean reduction in root dry weight as a result of 
flooding (control, 156.6 g vs continuous flooding, 22.1 g), 
is indicative of a decrease in new root growth and decay of 
existing roots, which others have previously noted 
(4,18,19,32). The washed root system of the flooded plants 
appeared black in color while those of the control plants 
were light-brown. The plants flooded for 4 months and 
then planted were dark-brown in color. Heinicke (19) noted 
that there were not apparent effects on root growth when 
apple trees were flooded in the dormant season. However, 
root growth was restricted when trees were flooded in the 
spring and the roots developed a blackened color. Boynton 
(4) also saw a decrease in the production of new roots in 
greenhouse-grown apple trees under reduced o2 levels at soil 
temperatures which normally exist during the spring. 
Several researchers (18,19,25) have mentioned the seasonal 
difference in response to flooding and they have attributed 
it to rising temperatures. Marth and Gardner (25) agreed 
with Heinicke (19) and Harris (18) stating that greater 
injury occurred on "hot, sunny" days than on "cool, cloudy" 
days. Their results are in agreement with more recent work 
(1,32). 
Surviva l . Flooded highbush blueberry plants survived 
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continuous flooding for more than 26 months when submerged 
beginning in December. 
minimal (Tables 1-4). 
However, vegetative growth was 
There exists a seasonal effect on 
survival with December-submerged plants surviving better 
than August-submerged plants and April -submerged plants 
surviving the worst (Fig. 1). Approximately 30-40% of the 
plants died within 3 months, when flooding was initiated in 
April (Fig.l). One-hundred percent of the April 1984 
plants were dead within 18 months and although not all the 
plants were dead, there was a similar trend in 1985. 
Several other researchers (11,26,27) have noted a decrease 
in the survival rate during spring flooding and they noted a 
relationship to temperature. Davies and Wilcox (11) found 
that rabbiteye blueberry plants which were flooded beginning 
in the spring, survived as long as 58 days, though the 
plants were severely damaged. Growth ultimately resumed 
upon removal of the plants from the flooded conditions. 
Andersen et al., (1) evaluated several tree fruit species 
for tolerance to flooding with variable survival rates. 
Pyrus betulaefolia Bunge. had a 100% survival rate after 
20 months of flooding, whereas 50% of the apple plants 
(Malus domestics Borkh.) survived 12 months and all of 
the peach plants (Prunus persicaL.) died within 1 month. 
The seasonal effect on flooding may in part be due to ris-
ing temperatures. Other researchers have noted an i ncrease 
33 
plant sensitivity to increases in temperature (8,31,32). 
Rowe and Catlin (32) working with several Prunus species 
found a decrease in sensitivity to flooding when the root 
0 
zone temperature was decreased from 27 to 17 C. The 
seasonal response of plant survival to flooding corresponded 
with the staining intensities recorded utilizing TTC. 
Plants exhibited a purplish-red staining intensity before 
submergence. However, within a 2-week period of time 
staining intensity decreased to deep-red (F i gs. 2 and 3). 
As the durat i on of flooding increased, the staining 
intensity decreased. It took approximately 1 month more 
for the December and August-submerged plants to decrease to 
a pink staining intensity compared to the April-submerged 
plants in both years (Figs. 2 and 3). This reduction in 
root activity appears to be directly related to the plant's 
ability to grow and survive in flooded conditions. 
Childers and White (8) flooded apple trees in glass sided 
boxes and observed root growth. They found that no new 
roots formed and all the visible roots already formed 
appeared dead after 18 days of flooding. Harris (26) noted 
that a rise in the water table resulted in the cessation of 
root growth and the eventual death of newly formed roots. 
The oxidation-reduction potential of the continuously 
flooded plants decreased rapidly within a few hours and the 
level was continuously maintained for several months (Fig. 
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4). Boynton (4) grew apple trees under controlled soil 
oxygen levels and found that when the level dropped below 
10% very few rootlets formed and the shoots were injured. 
Boynton (4) stated that higher oxygen levels are necessary 
for the production f o new roots than for maintaining the 
existing root system. Furthermore, a reduction in the 
production of new roots will limit nutrient and water 
uptake, ultimately affecting the whole plant. 
Contrary to earlier beliefs (7,10,22) the cultivated 
highbush blueberry can survive extended periods of flooding 
stress providing that it does not occur during the spring, 
the period of most active growth. However, just as workers 
with other crops found (1,11,31) the growth and development 
of the cultivated highbush blueberry are severely limited as 
a result of flooding. It appears that dormant plants which 
are flooded are able to somehow adapt prior to the 
initiation of growth, thus improving their ability to 
survive. A mechanism by which the highbush blueberry could 
survive extended lengths of time in flooded conditions has 
not yet been determined. 
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Table 1. 
z Treatment 
Control 
Flooded/ 
planted 
Continuous 
flooding 
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Shoot growth of flooded and control two-year-old con-
tainerized ' Bluecrop' plants (November 1984 and 1985). 
Shoot length Nodes/ Internode 
(cm) shoot length (cm) 
5.50 ay 7.00 a 0.79 a 
3.70 b 6.00 b 0.62 b 
2.30 c 5.90 b 0.38 c 
zTreatments combined over dates, including: Dec. 1983, Apr. 
1984, Aug. 1984, Dec. 1984 and Apr. 1985. 
YData are the means of two years, 1984 and 1985. Figures with-
in the same column followed by the same letter are not sig-
nificantly different at the 5% level using Duncan's Multiple 
Range Test. 
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Table 2. Size of fully expanded leaves and percent open 
stomata from flooded and control two-year-old 
containerized 'Bluecrop' plants ( 17 June, 1985). 
L~at: z length(mm) Treatment 
Control 29.4 ay 
Flooded/ 24. 1 b 
planted 
Continuous 15.9c 
Si;li~ 
width(mm) 
15.0 a 
11.4 b 
10.5 b 
Stomata 
ooen ($) 
85.0 a 
85.0 a 
36.5 b 
zTreatments combined over dates, including: Dec. 1983, Apr. 
1984, Aug. 1984, Dec. 1984, Apr. 1985. 
YFigures within the same column followed by the same letter 
are not significantly different at the 5% level using 
Duncan's Multiple Range Test. 
Table 3. Shoot growth or flooded and control two-year-old containerized 'Bluecrop' plants as 
affected by treatment date (Nov, 1984 and 1985). 
Irt:itlllt:Dt. 
C12nt.r12l El1212d~d lglaDtfZd Cgnt.1DYQYl:I r11212d1cg 
Shoot Internode Shoot Inter node Shoot Internode 
Treatment length Nodes/ length length Nodes/ length length Nodes/ length 
d1t.sz (gml 1:1b1212t 'g111l (glill 1:1b1212t (g111l I 'g111l i:tb1212t (c111l 
Dec. 1983z 5.1cdx 5.6d 0.91a 4.0o 6.4a 0.62c 2.5b 5.9b 0.42b 
Apr. 1984Z 6.2bc 8.0a 0.79b 2.8d 4.7b 0.60c 1.5o1 2. ldy· 0.35by 
Aug. 1984z 5.6c 7.5ab 0.76b 5.0b 6.7a 0.75b 2.Ja 6.4ab 0.36b 
Dec. 1954Y 6.4b 6.4c 0.93a 5.7a 6.Ja 0.91a J.8a 6.6a 0.57a 
Apr. 1955Y 6.1bc 6.7bo 0.91a 4.2c 5.Jb 0.79b 1.1c 5. 1c 0.220 
Ayg. 1985Y 7.la 7.3b 0.98a 4.9b 6.2a 0.79b 3.8a 6.6a 0.56a 
zData are the means or two years, 1984 and 1985. 
YData are the means ot one year, 1985. 
x . Figures within the same column followed by the same letter are not significantly different at the 
5J level using Duncan's Multiple Range Test, 
.~ 
0 
Table 4. Size of fully expanded leaves and percent open stomata from flooded and control 
two-year-old containerized 'Bluecrop' plants (17 June, 1985). 
Ireatmsmt 
Cgotrgl E11212dedl121intt:d C12ntinY12Ya t:l1212d1o• 
Treatment l.eat: aiza (1111111 .St!2111itll 1.i:at: aize (1111111 .St12matA 1.aat: a1ze ( 111111 l .St12111ata 
data laos:tb ~1dtb !212filD Ci l lans:tb Hidtb 12121:0 !Sl llilns:tb ~1dtb !212filD (~l 
Dec. 1983 29.8bz 15.0ab 85.0a 22.0b 11.5b 79.5a 16.6c 10.Jb 42.0a 
Apr. 1984 26.4bc 13.0b 78.0a 23.0b 11.8b 88.0a 12.5d 7.9c 32.5a 
Aug. 1984 34.0a 17. la 86.0a 21.6b 9.30 86.5a 22.3b 11.2b 35.5a 
Dec. 1984 31.4ab 16.6a 87.5a 29.8a 13.9a 85.0a 27.7a 14.3a 37.5a 
Aor_._1985 26_..2c 13.0h __ 88.5a _Y _Y _Y 18.2c 8.9bc 15.0c 
'""' zFigures within the same column followed by the same letter are not significantly different at 1--' 
the 5J level using Duncan's Multiple Range Test. 
Yrreatment did not exist at time of measurement. 
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Figure 1. Number of dead two-year-old containerized 
'Bluecrop' plants over time as affected by 
initial date of flooding. 
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Figure 2. Temperature of the media water and air in the 
plant canopy in relation to the intensity of 
2,3,5 triphenyl tetrazolium chloride stain (TTC) 
in roots from flooded one-year-old and two-year-
old containerized blueberry plants (1983-1984). 
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Figure 3. Temperature of the media water and air in the 
plant canopy in relation to the intensity of 
2,3,5 triphenyl tetrazolium chloride stain (TTC) 
in roots from flooded one-year-old and two-year-
old containerized blueberry plants (1984-1985). 
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Figure 4. Oxidation-reduction potential of the media from 
flooded and control two-year-old containerized 
'Bluecrop' plants. 
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REPRODUCTIVE GROWTH RESPONSE OF THE HIGHBUSH 
BLUEBERRY TO FLOODING 
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ABSTRACT 
Two-year-old container-grown highbush blueberry plants 
(Vacciniumcorymbosum L. cv. Bluecrop) were flooded outdoors, 
beginning in December, April and August, to determine the 
effects of flooding on reproductive growth. Flooded plants 
had 61-77% fewer inflorescence buds and 55-66% fewer flowers 
per inflorescence bud than non-flooded plants. Anthesis 
was delayed by almost one week in flooded plants. Fruit 
set was decreased by 45% and fruit abscision increased with 
flooding. Weight, size, and soluble solids of fruit from 
flooded plants were significantly reduced. 
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Frui t species vary considerably in t heir ability to 
survive extended periods of time in flooded soil (2,4,5,14). 
Andersen (2) working with several tree fruit species, found 
that quince (Cydonia oblonga Mill.) and pear (Pyrus 
spp.) were the most tolerant to flooding, followed by apple 
(Malus domestica Borkh.) and peach (Prunus persica 
L.). Davies and Wilcox (5) flooded container-grown rabbiteye 
blueberry plants (Vaccinium ashei Reade.) and found that 
their ability to survive was similar to apple (2). Flood-
ing has been found to affect a number of growth processes 
(5,8,14), and , although vegetative and reproductive growth 
are interrelated, much of the previous research has been 
concerned with only the vegetative response, particularly in 
blueberry (5,6,8,9). 
Flooding exists in many blueberry plantations in the 
northeastern U.S., creating concern among growers about how 
this condition affects the growth and production of their 
bushes. The prupose of this study was to examine the 
effects of seasonal root zone flooding on reproductive 
growth of the cultivated highbush blueberry. 
This study was conducted using 2-year-old 'Bluecrop' 
plants and rooted cuttings of 'Darrow', 'Bluecrop', 
'Coville', and 'Bluetta'. The plants were grown in equal 
volumes of a peat : perlite : sand mixture in 7.6 liter 
plastic containers (2-year-old plants) and 0.5 liter plastic 
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pots (rooted cuttings). 
Three, 95 liter, water-filled tubs were sunk into the 
ground. On 1 December 1983, 16 2-year-o ld 'Bluecrop' 
plan t s and 16 rooted cuttings were submerged into the tubs. 
The water level was maintained 2.5-5.0 cm above the media 
level in the containers. Twelve 2-year-old 'Bluecrop' 
plants were sunken into the ground to the depth of their 
containers for controls. After flooding for 4 months, 6 
plants were removed from the tubs; the root systems of 3 
plants were washed a nd observed and 3 were sunk into the 
field with control plants. The remaining plants were 
maintained under continuous flooding. A similar, but 
largely expanded test was conducted in April, August, and 
December 1984 and in April and August 1985. Flooded 
plants, including 72, 2-year-old plants and 36 rooted 
cuttings, were submerged in a black polyethylene-lined, 
water-filled pit in the field with the water level 
maintained 2.5-5.0 cm above the media level in the 
containers. Following continuous flooding for 4 months in 
the August and December treatments, 48 plants were removed 
from the pit, 24 were used for immediate observations and 24 
were sunk into the field with control plants. In the April 
treatments, several plants died within the first 4 months of 
treatment, therefore, sample sizes were less than those in 
the August and December treatments. In the April 1984 
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treatment, of the 21 plants remaining after the initial 4 
months, 13 plants were removed from the pit, 5 were used for 
immediate observations and 8 were sunken into the field with 
control plants. In the April 1985 treatment, of the 26 
plants remaining after the initial 4 months, 16 plants were 
removed from the pit, 6 were used for immediate observations 
and 10 were sunken into the field with control plants. 
Inflorescence bud number was determined in November. 
From this point on "inflorescence bud" will be referred to 
as flower bud. Length and width of flower buds were 
measured in the early spring while buds were dormant. Just 
prior to full bloom, the number of flowe r s produced per bud 
we r e counted. Flower size (length and width) was measured 
during full bloom. Starting at anthesis, plants were 
monitored to record date of full bloom, which was considered 
to occur when approximately 50% of the corollas had dropped. 
Following full bloom, the number of fruit set was counted 
and the number of fruit that abscised was determined weekly. 
Fruit was harvested at the blue-ripe stage and 10 berries 
per treatment were weighed to determine mean berry weight. 
Also, fruit size was measured and soluble solids determined 
at harvest with a hand refractometer Model 10423 (American 
Optical Co., Keene, NH). 
Data were analyzed by analysis of variance and means 
separated by Duncan's Multiple Range Test. Data recorded 
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as percent was transformed using arc sine p rior to analysis. 
Fruiting potential, as determined by the number of 
flower buds per shoot, number of flowers per bud, percent 
fruit set and berry weight, was significantly reduced in 
flooded plants (Tables 1-4). However, when plants were 
flooded for 4 months and then placed in the field, they were 
usually able to partially recover (Table 2). Crane and 
Davies (4) found flower bud development in rabbiteye 
blueberry declined approximately 50% when plants were 
flooded for 15 days or more during the summer. This is 
similar to our results (Table 2) for the number of flower 
buds formed per shoot, although we observed a reduction in 
the range of 80-90% during the summer. The greatest 
decrease in flower bud production occurred in the April 1984 
and 1985 continuously flooded plants (Table 2). This 
seasonal effect on growth agrees with previous findings for 
vegetative growth (1). We saw a similar trend for the 
number of flowers produced per bud, with significantly fewer 
from flooded plants (Table 1). Some of the decrease in the 
number of flowers produced per bud is reflec t ed in the 
decrease in size of flower buds from flooded plants (Table 
1). Anthesis was delayed by almost 1 week and the flower 
size was reduced in flooded plants (Table 1). This may 
relate to the decline in absorption and transport of water 
which could lead to the delay in the expansion of flower 
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buds and red uc tion in flower size as Andersen et al., (2) 
mentioned in regards to leaf growth and expansion. Also, a 
decrease in root growth under flooding (1) could result in a 
decrease in nutrient uptake and hormone production 
(cytokinins, gibberellins) reducing the amounts translocated 
to the aerial parts of the plant. Since researchers have 
shown that cytokinins and gibberellins promote bud activity 
in the spring and stimulate growth (11,15,16), such a 
decrease could substantially interfere with reproductive 
activity. Indeed, Heinicke (7) noted that the flowers are 
the first organs to suffer under flooding stress and their 
abscission occurs quite often before the shoots are 
affected. The fruiting potential was further reduced by a 
greater than 45% reduction in initial fruit set in flooded 
plants (Table 3). Furthermore, much of the fruit that did 
set initially in flooded plants abscised prior to harvest 
(Table 3). MacDaniels and Heinicke (10) associated poor 
fruit set in apple orchards with a high water table. Crane 
and Davies (4) found fruit set in rabbiteye blueberry 
declined to 60% after 35 days of flooding. The mean berry 
weight from flooded plants was significantly less, 
indicating a reduction in yield (Table 4). Several 
researchers (3,4,12,13) have noted substantial decreases in 
fruit yields, particularly from submerged apple trees. 
Olien (12) found fruit yield was reduced by 34% with spring 
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flooding (April-June), but there was not effect with summer 
(July-August) and fall (September-October) flooding. Crane 
and Davies (4) found a decrease of up to 76% in fruit yields 
as a result of flooding for 35 days. In addition to a 
decreas e in fruit set and weight, and an increase in fruit 
abscision, we noted a decrease in fruit quality. Two 
determinants of blueberry fruit quality, size and soluble 
solids, were significantly decreased with flooding (Table 
4). Childers et al., (3) also noted a decrease in fruit 
quality in addition to decreased yields. He reported that 
fruit from apple trees flooded for 5 weeks during the spring 
were poor in color, and exhibited a high incidence of 
cracking. 
This research demonstrates that flooding affects 
reproductive growth and vegetative growth of the cultivated 
highbush blueberry in similar ways. Blueberry growers can 
expect a decrease in fruiting potential, production, and 
quality from bushes grown in flooded areas and should 
consider this prior to planting in low-lying or flood-prone 
fields. 
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Table 1. Growth or flower buds and flowers from flooded and control two-year-old 
containerized 'Bluecrop' plants. 
No. flowery Flower bud sizex 
z Treatment _budsiahoot 18.D.llth {mm) width 
Control w 4.3a 4.9a 3.oa 
Flooded/ 1. 7b 4.4b 2.5b 
planted 
Continuous 1. 1 b 3.9c 1.9c 
(lggd1D& 
x x x No. flowers/ Flower size Full bloom 
bud lerur.th (mm) width date 
4.2a 4.2a 2.2a 17 May 
1.9b 3.9ab 2.0ab 21 Hay 
1.4b 3. 7b 1.9b 23 May 
z Treatments combined over dates including Dec. 1983 and Apr. 1984 for mean and Dec. 1983 -
Apr. 1985 for 1985 mean. 
1Data are the means of two years, 1984 and 1985. 
x Data are the means of one year, 1985. 
wFigures within the same column followed by the same letter are not significantly different at 
at the 5j level using Duncan's Multiple Range Test. 
°' 0 
T&ble 2. R11productiv11 growl 11 u( fl<>oduJ 1t11cJ control two-yt.ur-old co nta1nt1rl211d 'Blueorop' plant.s a11 affe oted 
by treatment date. 
Treatmt:nl 
___________ _.C..,u...,n~t._,ru....._l _ floodcd/tilaot11d Contiouou:a Clgodinc 
No. No. z FrulLSl.\!!!illL2 No . No. 2 Fc:!!.1.L.o.l.!iU.HL2 No. No. 2 Fruit gualitx2 
Tr11almt1nt rlowtsr rl t1 w111 ·::1/ t.11 .. m. :i:s Y fl ower t'lowtsr:s/ did.JD. .s:i l fl owers flowers/ di-. aa'I 
dat; byd3/3hoot byJ (mml CSl byd3/3boot byJ lmml (Sl byd3/3hogt byd c .. l CS! 
Dec. 198] ].7dx 4.ba 15 .C)b 11. Sa l. 5ab 4.0a 10.2b 8. 7b 2.4a 3.0. 9.•ab a.•• 
.lpr. 1984 5. lab 4. Oii 17. Ba ll. Ba O.Sc O.Oc O. Od O.Od O.Od O.Od O.Oc O.Ob 
.lu3. 19B4 4.0cd 4. la 1·1. 9a 11. 9a 0.8bc 1. 8b 10.Sc 9.6bc 0.5c 0.3c 10.2• 9.3. 
Dec. 1984 5.8a 4 . 5.i 17. 7a 11. 6a 2. la 1. 8b 16.Sa 11.0a 1.5b 1. lb 10.2• 8.9a 
Apr. 1985 4 . 8bc w 16.6b 12.0a 1. Ob w 14.2b 10.2b O.Od "' 8. 7b 8.6a - - -
Aua. 1985 ~--1..5il_ w w w 2. 1a w w w L6b. w w "' - - - - - -
2 Data are the aean11 of 1 yf>ar, 19d5. 
Ysoluble .solid!!. 
llFigure.s withi n the :iame col u mn f o l l uwt:cJ by the same letter are not !lignif1cantly different at the SS level using Ouncan'a 
Hultlplt1 Range Te:it. 
"'Data not available at tlmt ur w11<1 3 urewent. 
°' I-' 
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Table 3. Initial % fruit set and % fruit abscised from control 
and flooded two-year-old containerized 'Bluecrop' plants. 
z Treatment 
Control 
Flooded/ 
planted 
Continuous 
flooding 
s 
Initial 
f r uit set 
87.4ay 
55.3b 
52.2b 
Total % fruit 
abscised 
13.4a 
39.3b 
69.3c 
zTreatments combined over treatment dates including Dec. 1983 - Apr. 
1985. 
yFigures within the same column followed by the same letter are not 
significantly different at the 5% level using Duncan's Multiple 
Range Test. 
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Table 4. Fr uit weight, size and soluble solids f rom flooded and control 
t wo-year-old containerized 'Bluecrop' plants. 
Weight Diameter Soluble Solids 
z Ic~atm~nt. (gl'.b~cz:::tl (mml Ull 
Control 1.48ay 17. 20a 11.00a 
Flooded/ 1.10b 12.90b 9.90b 
planted 
Continuous D.78c 9.60c 8.8Dc 
t:l~H2dicg 
zData are the means of one year, 1985. Treatments over treatment dates 
including Dec. 1983 - Apr. 1985. 
YFigures within the same column followed by the same letter are not sig-
nificantly different at the 5% level using Duncan's Multiple Range 
test. 
ANATOMICAL RESPONSE OF THE HIGHBUSH 
BLUEBERRY TO FLOODING 
MANUSCRIPT IV 
64 
65 
ABSTRACT 
Roots, sterns, leaves, and inflorescence buds were collected 
f rorn flooded and nonf looded two-year-old container-grown 
highbush blueberry plants (Vacciniurn coryrnbosurn L. cv. 
Bluecrop). Tissues were fixed in FAA, dehydrated and pre-
pared for light microscopy to determine the effects of 
the effects of flooding on their anatomy. In addition, roots 
were also studied with the scanning electron microscope. 
Examination of root structure revealed expanded epidermal 
cells, crushed cortical cells and prolifieration and dis-
ruption of vascular tissue in flooded plants. The stern 
structure of flooded plants had disrupted epidermal tissue, 
condensed outer cort i cal cells, and large aerenchyma-like 
mid-cortical cells. The leaf tissue showed an increase in 
intercellular spaces in the spongy mesophyll complex with a 
a disrupted pal isade layer. There were no apparent differ-
ences layer in inflorescence bud anatomy. However, they 
appeared to be smaller and their formation delayed in 
flooded plants. 
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The cultivated highbush blueberry root system is 
shallow and fibrous (6,8,10,17) and most roots are 
concentrated within the drip-line of the bush to a depth of 
15-25 cm (10). This shallow rooting depth may allow the 
plant to better tolerate waterlogged soil conditions (1,10). 
The ability of shallow rooted plants, such as the blueberry, 
to survive flooded soil conditions also has been noted in 
other plant species (9). Survival has been attributed to 
the higher oxygen levels existing closer to the soil surf ace 
(9). Inherently, some plant species can withstand flooding 
better than others (3,23,24). Characteristics found to 
increase flood tolerance include: increased development of 
internal air spaces that allow a greater oxygen supply to 
the roots (7,21,26), the development of adventitious roots 
(7,13,28), and metabolic modifications such as decreased 
ethanol production and alternative energy pathways (14). 
According to Kramer (18), a rapid reduction in water 
absorption and increased resistance to its movement may 
cause stornatal closure to maintain cell turgor. Davies and 
Flore (5) determined that blueberries adapt to flooded 
conditions mostly by limiting water loss through stomatal 
closure, but they felt this may be a short-term flooding 
response. 
Changes in anatomy of roots, sterns, and leaves, as a 
long-term survival mechanism, have been examined in several 
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plant species (7,13,21,26,28), but not in blueberry. Our 
objective in this study was to compare the anatomy of roots, 
stems, leaves and inflorescence buds from flooded and 
non-flooded plants of the cultivated highbush blueberry to 
determine if these structures have been rnodif ied by 
flooding. 
Material and Methods 
The study was conducted over a 1 year period using 
flooded and non-flooded (contr o 2-year-old 'Bluecrop' 
plants, as previously descrived (1). Approximately 100 
roots with white tips and 10 stems were collected from 
plants in each treatment at various intervals from April 
1984 through April 1985. The dormant fourth inflorescence 
bud (numbered basipetally) was collected from each of 5 
shoots from each treatment in the early spring. From this 
point on, "inflorescence bud" will be referred to as flower 
bud. Leaf samples from the third fully expanded leaf 
(numbered basipetally) of each of 5 shoots from each 
treatment were collected f rorn mid-June through leaf 
abscision (September-October). 
Root, stern, leaf, and bud samples were fixed in FAA, 
dehydrated through an ethanol/t-butanol series and embedded 
in Paraplust-Plus, according to standard rnicrotechniques 
(25). Root tissue was cross sectioned approximately 10-25 
mm behind the root apex, which Petersen et al., (22), 
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de s cribed as light-ye llow to go l den-brown in color. Stem 
tissue was sectioned approximately 3-5 mm above the fourth 
flower bud and leaf tissue through the widest portion of the 
blade. Flower buds were cross-sectioned through their 
widest portion. 
Prepared tissue was sectioned at 10 µ m, stained with 
Fast Green FCF and mounted on a microscope slide in 
Permount. Sections were examined with a Wild M 20 Phase 
Contrast Microscope fitted with an eyepiece micrometer. 
Photomicrographs of representative sections were taken with 
a Nikon Optiphot Microscope fitted with a Nikon AFX camera 
attachment. For SEM studies, the r oot segments were cut 
into 1-2 mm segments using a hand-held microtome blade. 
They were transferred through an ethanol series into 2 
changes of 100% ethanol. Tissues were then crit i c a l point 
dried (Ted Pella Co., Tustin,CA) using carbon dioxide as the 
intermediate fluid. Samples were mounted on aluminum stubs 
with silver paste, coated under vacuum with a gold/palladium 
(60/40) alloy and examined with a Cambridge Stereoscan 
scanning electron microscope (SEM). 
Results and Discussion 
The influence of flooding on root structure is 
illustrated by representative light and scanning electron 
microscope micrographs (Figs. 1-9). The overall appearance 
of the control roots was one of turgidity and relative 
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symmetry, while portions of the flooded roots appeared to be 
collapsed and shriveled (Figs. 1 and 2). The surface of 
the epidermal cells appeared convex and symme t rical in 
control roots (Fig. 1), while the same cells on the flooded 
roots appeared concave, supported only by the intersecting 
cell walls, which themselves appeared to have lost some 
rigidity (Fig. 2). In cross section, the epidermal cells 
of the control roots appeared fairly circular, whereas 
similar cells in the flooded roots were more quadrangular, 
with surface walls concave. Epidermal cells in flooded 
roots were about 30% larger than similar cells in control 
roots (Figs. 1 and 2). Researchers have noted a similar 
response in other crops such as corn, rice, and sunflower 
(7,21,28), though such cell expansion occu r red in the cortex 
not the epidermis. Drew et al., (7), found that cortical 
air spaces are induced by small concentrations of ethylene 
in Zea mays. Kawase's review (16) on this subject 
discusses the formation of cortical air spaces which can be 
either lysigenous or schizogenous in origin. Research 
suggests that these air spaces may provide a pathway for the 
transpor t of oxygen from the shoots to the flooded roots 
(16). Armstrong (4) suggests that the formation of 
cortical aerenchyma improves oxygen status of the roots by 
reducing the amount of respiring tissue and by providing a 
means by which oxygen can diffuse from shoots to roots with 
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minimal resi s tanc e. 
The cortical reg i on of the control roots appeared to be 
3-4 cell layers thick (Figs. 1-4). The cells were similar 
in cross-section appearance to epidermal cells. Howeve r , 
the cortical region in the flooded roots appeared to be 
crushed, with some cells only about 1/3 the size of cortical 
cells in control roots. Outer-cortical cells appear to 
have been crushed in a plane perpendicular to the central 
root axis, while inner-cortical cells are severely crushed 
along no particular plane. The cortical region in contr0l 
is about 40 µ m thick, while that in the flooded roots has 
been crushed to a thickness of only about 14 µ m. 
Crushing and collapse of some regions of the root have 
been reported by various researchers (7,12). The 
degeneration of cortical cells may be a result of cell 
collapse due to me mbrane damage (7). Horton and Osborne 
(12) suggested the existence of "target cells" for ethylene. 
Thes e "target cells" are exposed to e levated concentrations 
of ethylene which might cause those cells to expand whil e 
adjacent cells degenerate largely because of hydrolytic 
enzymes produced by the expanding "target cells". 
In fact, the distorted cortical region in flooded roots 
may be a result of both collapse of cortical cells and the 
crushing effect of expanded epidermal cells and stelar 
proliferation. 
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The vascular system of control roots is about 28 µm in 
diameter and intact (Figs. 1 and 3). That of the flooded 
roots, however, appears to have proliferated (48 µ m 
diameter) and become crushed and distorted, perhaps 
impairing its function (Figs. 2 and 4). The nature of the 
vascular elements is indistinguishable. 
The stem structure from control and flooded plants is 
shown in light photomicrographs (Figs. 5 and 6). In 
control and flooded stems there is a cuticular layer 
covering the surface of a single layer of epidermal cells 
which are similar in thickness and, while the epidermis in 
control stems is ordered and symmetrical, that in the 
flooded stems is not. The outer-cortical region is several 
cells thick. However, the cells appear smaller, darkly 
stained, and more condensed in stems of flooded plants. 
The mid-cortical region of stems from flooded plants has 
large intercellular spaces surrounded by isodiametric 
parenchyma cells attached to each other in threadlike 
constructions. Mahlstede and Watson (19) termed these 
spaces air ducts and reported seeing them in cortical 
regions of 1-year-old stem cuttings taken from 4-year-old 
'Jersey' plants grown in a peat-bog, the conditions of which 
may approach those of our continuously flooded plants at 
certain times of the year. However, because of remnants of 
membranes surrounding them, they appear to be more like 
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aerenchyma than merely large spaces or ducts. There 
appears to be more of these spaces in stems of flooded 
plants. In similar findings, Kawase (15), in 
photomicrographs of stem tissue from flooded sunflower 
plants, exhibited an enlargement of the cortical layer which 
leads to aerenchyma development. Just as in the roots, the 
increase in intercellular spaces in the cortex may provide a 
pathway of low resistance for the diffusion of oxygen from 
the shoots to the roots. 
There are no apparent differences in structure between 
stelar regions of flooded and control stems. Tissues in 
this region appear similar to those in Mahlstede and 
Watson's description (19). 
Light photomicrographs of the leaf structure from 
control and flooded plants also provided some differences 
(Figs. 7 and 8). The overall structure of the leaves, 
particularly the control leaves, was similar to that 
documented by Gough and Shutak (11). When compared to 
those from flooded plants, the leaves from control plants 
appeared to have a slightly thicker upper epidermal layer 
with no measurable difference in cuticle thickness. The 
single-celled epidermal layer was subtended by 1 or 2 layers 
of palisade cells. The palisade layer of the leaves from 
flooded plants appeared disrupted in comparison to leaves of 
control plants and the cells were about 1/2 as long. 
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Beneath the palisade layer is the spongy mesophyll complex 
whic h appeared disorganized resulting in an increase in 
intercellular spaces. The increased spaces in the spongy 
mesophyll complex and thinner epidermal layer may increase 
the uptake and movement of oxygen from leaves to sterns to 
roots. As was the case with the upper epidermal layer, the 
lower epidermis is single celled and appears slightly 
thicker in leaves from control plants. Mahlstede and 
Watson (19) stated that plants in moist habitats often 
possess a thinner cutical and epidermal layer. The 
alteration in leaf structure may be related to the 
inhibiting influence of flooding on leaf initiation and 
expansion (27). The reduction in initiation and expansion 
ultimately influences number and size of leaves, just as 
Abbott and Gough (1) documented previously. 
There were no apparent differences in flower bud 
anatomy, though flower buds from flooded p l ants were smaller 
than those from control plants, which Abbott and Gough (2) 
noted previously. The development of flower buds on 
flooded plants is delayed. This also agrees with previous 
observations in which anthesis was delayed by almost 1 week 
in flooded plants (2). 
As would be expected, flooding has a disruptive 
influence on overall plant growth and development. The 
increase in intercellular spaces in leaves, cortical air 
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spaces i n shoots, a nd exp ansion of r oot epidermal cells may 
prov ide a possible explanation as to why the highbush 
blueberry is able to survive under continuous flooding for 
more than 26 months (1). In the case of blueberry, the 
expanded epidermal cells maybe functioning as aerenchyma in 
other species. However, there are other factors such as 
modification in plant metabolism, which should also be 
studied and could possibly provide important information as 
to the adaptability of the highbush blueberry to flooding. 
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Figure 1. Scanning electron photomicrograph of a cross 
section of a 'Bluecrop' blueberry root from a 
control plant. Scale bar = 11 µrn . Epider mis 
(E); Cortex (C), Endoderrnis (Ed); Stele (S). 
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Figure 2. Scanning electron photomicrograph of a cross 
section of a 'Bluecrop' bluebe rry root from 
a flooded plant showing expa nd ed epidermal 
cells distorted cort ex , and proliferated, 
crushed vascular tissue. Scale bar = 10 µ m. 
Epidermis (E); Cortex (C); Stele (S). 
¥'1 
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Figure 3. Light micrograph of a cross section of a 
'Bluecrop' blueberry root f r om a control plant 
Scale bar= 42 µm. Epide rmis (E); Cortex (C); 
Stele (S); Lateral root (L). 
s 
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Figure 4. Light micrograph of a cross section of a 
'Bluecrop' blueberry root from a flooded plant, 
showing expanded epidermal cells, crushed 
cortex, and distorted vascular tissue. 
Scale bar= 70 µm. Epidermis (E); Cortex (C); 
Stele (S); Lateral root (L). 
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Figure 5. Light micrograph of a cross section of a 
'Bluecrop' blueberry stem from a control plant. 
Scale bar= 65 µm. Cuticle (C); Epidermis (E); 
Outer-cortex (0); Mid-Cortex (M); Inter-Cortex 
(I) • 
~l 
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Figu r e 6. Light micrograph of a cross section of a 'Blue-
crop' blueberry stern from a flooded plant show-
ing large cortical air spaces. Scale bar = 69 µrn. 
cortex ( C ) ; Ep id er rn is ( E ) ; Outer-cortex ( 0 ) ; Mid-
c or t ex (M); Inner-cortex (I); Aerenchyrna (A). 
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Figure 7. Light micrograph of a cross section of a 'B l ue-
crop ' blueberry leafblade from a control plant. 
Scale bar= 68 µm. Cutical (C); Epidermis (E); 
Vascular tissue (V); Spongy rnesophyll Complex (S); 
Palisade layer (P). 
~\ 
v 
-
92 
Figure 8 . Light micrograph o f a cros s section of a 'Blue-
crop' blueber r y lea f blade f rom a flooded p lant 
showing disrupted palisade layer and increased air 
spaces i n the spongy mesophyll complex. Scale 
bar= µ m Cuticle (C); Epide r mis (E); Vascular 
tissue (V); Spongy mesophyll complex (S); Palisade 
layer (P) • 
-
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Figure 9. Li ght microg r aph of a c r oss section of a 'Blue-
crop' blueberry f l ower bud from a control plant. 
Scale bar = 150 µm . 
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Figure 10. Li g h t microg r aph o f a cross section of a ' Blue -
crop' bl ueberry flower bud from a flood e d plant. 
Note the delay in development and decreased 
overall size. Scale bar = 171 111ll . 
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APP END I X I 
CONCLUDING REMARKS 
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Prev ious researchers have stated that the cultivated 
highbush blueberry is not able to survive under flooded soil 
conditions. This idea has been promulgated as fact since 
the beginning of blueberry domestication approximately 80 
years ago. 
Prior to studying how flooding affects the growth of the 
highbush blueberry, I initiated a study to characterize the 
growth of roots in the field. The rate of root growth was 
found to peak in early-June and again in September when soil 
temperatures were in the range of 14 to 18°c. These two 
time periods corresponded with the times that vegetative and 
reproductive growth were most affected by flooding. Plants 
flooded beginning in April exhibited the greatest decrease 
in vegetative and reproductive growth. Also, greater than 
50 % of those plants died within a few months. Plants 
flooded in August were intermediate in response between the 
April and December flooded plants. Shoot growth was 
decreased with flooding, primarily as a result of decreased 
internode elongation. Leaf size was decreased by reduced 
expansion. The reduction in leaf size coupled with 
stomatal closure would result in a decrease in 
photosynthesis and carbohydrate accumulation. This would 
limit the ability of the plant to produce new roots, 
replacing those decayed as a result of flooding. The 
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overall reduction in vegetative growth caused by flooding 
ultimately affected the reproductive growth of the plant. 
Potential for fruit production was decreased due to a 
reduction in the number of flower buds formed, number of 
flowers produced per bud, and number of fruit set. There 
was a further decrease in fruit production on flooded 
plants as a result of increased abscision of those fruit 
that did set. Flooding also reduced fruit quality and yield 
by reducing fruit size, weight and the sweetness (soluble 
solids). 
Although overall plant growth is reduced with flooding, 
the highbush blueberry is able to survive extended periods 
under flooded conditions. Anatomical examinations revealed 
that this may be a result of modifications in structure. 
The epidermal cells of the roots of flooded plants are 
largely expanded, the mid-cortical region of stems developed 
aerenchyma-like cells, and intercellular spaces within 
the spongy mesophyll complex of the leaves were increased 
These modifications, which have been noted in other 
plant species, could provide a mechanism by which oxygen 
diffuses more freely from the leaves and stems into the 
roots, thus reducing or eliminating the lack of oxygen in 
the flooded root zone. 
Prior knowledge indicated that flooded soil conditions would 
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have adverse affects on the growth of the highbush 
blueberry, however the extent of the damage and the ability 
to survive was not known. This study was undertaken to 
elucidate those facts and it was found that there is i ndeed 
a detrimental effect of flooding on plant growth. However, 
the highbush blueberry can survive extended lengths of time 
under flooded conditions, which we noted in plants flooded 
beginning in December 1983. Those plants survived more 
than 26 months and flowered and produced fruit during that 
time. 
This work leads to countless ideas for future related 
research all of which cannot be mentioned. The 
characteristics of root growth and factors affecting it 
could be further elucidated under controlled conditions. 
The roots could be placed under varying controlled 
temperatures to further define the optimum and threshold 
temperatures. Varying the degree of shoot and fruit 
removal would clarify their role in the growth of the roots. 
Also, a factor not examined inthis study, but one which 
should be looked at in relation to root growth, is water 
availability. 
In addition, the effects of flooding and mechanisms of 
survival could be areas for future research. Modifications 
in plant metabolism, water relations, and hormonal response, 
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although discussed, were not studied. 
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Figure 1. :&1ongation of v.hite un.suberi zed roots of highbush 
blueberry in relation to scil tenperat ure and 
shoot growth (1982). 
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Figure 2. Elongation of white unsuberizea rc:ots of highbush 
blueberry in relation to soil temr:erature and shoot 
grc:Mth (1983) . 
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Figure 3. Elongation of white unsuberized roots of h i ghbush 
blueberry in relation to s oil terrperature and shoot 
growth (1984). 
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APPENDIX III 
RESULTS AOCILLARY 'ID MANUOCRIPI' II 
Table 1. Shoot growth of flooded and control two-year-old containerized 'Bluecrop' plants as 
affected by treatment date (November 1984). 
Treatment 
Control Flooded/olanted Continuous floodinR 
Shoot Internode Shoot Internode Shoot Internode 
Treatment length Nodes/ length length Nodes/ length length Nodes/ length 
date ________ {cm1_ shoot_ (cm) (cm) shoot (cm) (cw) shoots (cm) 
Dec. 1983 3.5az 5.3b 0.65b 3.7b 6.5a 0.57a 2.6a 6.2a o.42a 
Apr. 1984 6.7a 8.3a 0.81a 1. 6c 4.8b 0.33b 1. 5b 4.3b 0.35a 
Au_g_,,_l9a4 - 5.1b - 7.5a 0 .. 68b 4.6a 6.9a o.67a 2.8a 6 .. 6a - - o,._42a 
zFigures within the same column followed by the same letter are not significantly different at the 
Duncan's Multiple Range Test. 
f-' 
f-' 
f-' 
Table 2. Shoot growth of flooded and control two-year-old containerized 'Bluecrop' 
plants as affected by treatment date (November 1985). 
Ir~atm~nt 
C~mtr2l i::J.22g~s1l'.'2la.nt~s1 C2nt1DYQU~ (J.22s11ng 
Shoot Internode Shoot Internode Shoot Internode 
Treatment length Nodes/ length length Nodes/ length length Nodes/ l ength 
slat~ (gml ~bQQt (gml (gml ~b22t (cml ( cwl ~b22t~ ( cral 
Dec. 1983 6.8ab z 5.8c 1.17a 4.3bc 6.4a 0.66c 2.4b 5.7bc 0.42b 
y Apr. 1984 5.8c 7.6a 0.76d 4.0c 4.6c o.87ab 
-- -
Aug. 1984 6.2bc 7.4a 0.83cd 5.3a 6.4a 0.83ab 1. 9b 6.3ab 0.30bc 
Dec. 1984 6.4b 6.9ab 0.93bc 5.7a 6.3a 0.91a 3.8a 6.6a 0.57a 
Apr. 1985 6.lbc 6.7bc 0.91bc 4.2bc 5.3b 0.79b 1. 1 c 5.1c 0.22c 
Aug. 1985 7.la, 7.3a, 0.98b 4.9b 6.2a 0.79b 3.8a. 6.6a 0.57a. 
zFigures within the same column followed by the same letter ar e not significantly different at the 
5% level using Duncan's Multiple Range Test. 
YAll plants died. 
....... 
....... 
N 
I~ 
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Table 1. Reproductive growth of flooded and control two-year-
old containerized 'Bluecrop' plants as affected 
by date (1984). 
Ir~ii!.tm~nt 
Flooded/ Continuous 
Control planted flooding 
Treatment No. flower Ho. flower No. flower 
date buds/shoot buds/shoots buds/shoot 
Dec. 1983 3.3bz 1. Oa l.8a 
Apr. 1984 6.8a O.Ob O.Oc 
Aug. 1984 3.7b 0.6a 0.6b 
zFigures within the same column followed by the same letter are 
not significantly different at the 5% level using Duncan's 
Multiple Range Test. 
Table 2. Reproductive growth of flooded and control two-year-old containerJzed 'Dluecrop' plants 
as affected by treatment date (1985). 
Teatment 
ControL F looded/olanted Contiuuou:i floodirut 
No. No. Fruit gyality No. No. Fruit gyality Ho. Ho. FryiL gyality 
Treatment flower flowers/ diam. SS flower flower/ diaw. SS flower flowers/ diaw. SS 
date buda/.shoot. bud Cmml CU buds/slioot bud Cll!llll Cll 1Juds/3hoot:i bud _ {llllD.) _ Cll 
Dec. 1983 II.Obey ll . 6a 15.9b 11.5a 2.0a 5.0a 10.2c 8.7c 0.9b 11.0a 9.liab 8.lia 
Apr. 1984 3.3c II.Ob 17.8a 11. I.la 0.9b O.Oc O.Cld 0.0<1 O.Od O.Od O.Oc O. Ob 
Aug. 1984 11.]b Ii. 1 b 17.9a 11.9a 0.9b 1.£1b 10.Sc 9.6bc O.lic o.~c 10.2a 9.3a 
Dec. 19811 5.8a II.Sa 17. 7a 11.6a 2.1a 1. {lb 16.5a 11.0a 1. 5a 1.1b 10.t.'a 8.9a 
Apr. 1985 II. 8b x 16.6b 12.0a 1.0b A 1~.2b 10.2h O.Od x A. 7ti 8.6a 
- - -
Au.a.. 1985 1.Sc x x x 2.~a x x x 1. 6a x x x 
- - - - - -
zSoluble solids. 
Yrigures within the same column followed by the same letter are not sienificantly different al the 5$ level using 
Duncan's Multiple Range Test. 
'1iata not available at time of measurement. 
1--' 
1--' 
lJl 
Table 3. Size or rlower buds and rlowers from flooded and control two-year-old containerized 
'Blueorop' plants as affected by treatment date (1985). 
Treatment 
Control Flooded /olanted Continuous floodirur 
Treat .. nt Flower bud size Flower aize Flower bud aize Flower aize Flower bud size Flower oizt 
Date length (gal width length C!l!!lll width l ength <mm> width length Cmml width length Caal width length Cggl width 
Dec. 1983 
Apr. 19811 
lug. 19811 
11.eaz 2.9• 
II.Sa 3.0. 
ll,9a 3.0. 
IJ,la 2.1. IJ,61 
4.2a 2.2a II . Ila 
11.3• 2.2a 11.3. 
2.6a 3.9a 
2.5a 
2.4a 3,9a 
2.0a 
2.0a 
II. ta 
3.9. 
3,8a 
2.0. 3.7. 1.9• 
1.e. 
1. 9a 3.8a 1 .9. 
Deg. 19811 5.11 3.11 g.2a 2.11 g,ga 2.6a 3.91 2.01 3.11 J.81 3.11 1.91 
sF11Ure• within tho a .. e columns followed by the same letter are not significantly different at the 5J level using 
Duncan's Multiple Range Teat, 
I-' 
I-' 
°' 
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Table 4. Initi al % fruit set and cumulative % fruit abscised from 
flooded and control two-year-old cont ainerized ' Bluecrop' 
plants as affected by treatment date. 
Treatment 
date 
Dec. 1983 
Treatment 
Control 
Flooded/planted 
Continuous flooding 
Initial 
% fruit 
set 
87.0 
73. 0 
36.0 
82.0 
o. o 
Cumulative 
% fruit abscised 
Julv 11 
5.0 
18.0 
30.0 
Julv 18 
7.5 
21.0 
40.0 
9.5 
July 26 
12.5 
55.0 
50.0 
14.0 
Apr. 1984 
Control 
Flooded/planted 
Continuous floodingz ~~~~~~~~~~~~~~~~ 
Aug. 1984 
Dec. 1984 
Apr. 1985 
Control 
Flooded/planted 
Continuous flooding 
Control 
Flooded/planted 
Continuous flooding 
Control 
Flooded/plantedy 
Continuous flooding 
zAll plants died. 
100.0 
82.0 
85.0 
81. 0 
66.0 
57.0 
87.0 
83.0 
9.3 
11. 0 
100.0 
4.2 
18.0 
42.0 
4.5 
31.0 
YData not available at time of measurement. 
12.5 
33.0 
100.0 
5.6 
23.0 
63.0 
9.0 
44.0 
15.0 
33.0 
100.0 
15.0 
30.0 
72.0 
10.5 
55.0 
1J 8 
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